The obliquity of the Galilean satellites is small but not yet observed. Studies of cycloidal lineaments and strike-slip fault patterns on Europa suggest that Europa's obliquity is about 1 deg, although theoretical models of the obliquity predict the obliquity to be one order of magnitude smaller for an entirely solid Europa. Here, we investigate the influence of a global liquid layer on the obliquity of the Galilean satellites. Io most likely has a fully liquid core, while Europa, Ganymede, and Callisto are thought to have an internal global liquid water ocean beneath an external ice shell. We use a model for the obliquity based on a Cassini state model extended to the presence of an internal liquid layer and the internal gravitational and pressure torques induced by the presence of this layer. We find that the obliquity of Io only weakly depends on the different internal structure models considered, because of the weak influence of the liquid core which is therefore almost impossible to detect through observations of the obliquity. The obliquity of Europa is almost constant in time and its mean value is smaller (0.033 − 0.044 deg) with an ocean than without (0.055 deg). An accuracy of 0.004 deg (about 100 m on the spin pole location at the surface) would allow detecting the internal ocean. The obliquity of Ganymede and Callisto depends more on their interior structure because of the possibility of resonant amplifications for some periodic terms of the solution. Their ocean may be easily detected if, at the measuring time, the actual internal structure model lead to a very different value of the obliquity than in the solid case. A long-term monitoring of their shell obliquity would be more helpful to infer information on the shell thickness.
Introduction
The Galilean satellites are thought to have internal global liquid layers. In particular, Europa, Ganymede and Callisto likely have an internal global ocean beneath their external ice shell (see Khurana et al. 1998 and Kivelson et al. 2002) . It has been shown that observations of longitudinal librations could be used to assess the presence of these liquid layers (Van Hoolst et al. 2008 , Baland and Van Hoolst 2010 , Rambaux et al. 2011 . Another aspect of the rotation state of a synchronous satellite is the time evolution of the orientation of its rotation axis with respect to the normal to its orbit. In general, synchronous satellites are assumed to be locked in a Cassini state, an equilibrium state of a tidally evolved synchronous satellite. This study focuses on the dependence of the obliquity of the Galilean satellites on their internal structure. We assess whether the knowledge of the Galilean satellites obliquity could help confirming the presence of internal global liquid layers in these satellites.
The obliquity of the Galilean satellites is not yet observed but is assumed to be small because it was not detected in gravity measurements (e.g. Anderson et al. 1998 ). In recent studies, estimates of the obliquity of Europa have been obtained from observations of the cycloidal lineaments and strike-slip faults (e.g. Rhoden et al. 2010 Rhoden et al. , 2011 . They suggest an order of magnitude from a few tenths of a degree to a degree for Europa's obliquity. Observations of the obliquity and of the librations for Europa and maybe for Ganymede are expected in the near future, thanks to radar echoes from the satellite's surfaces observed from two separate Earth stations (Margot 2011 ). This technique has been proved to be efficient, since it allowed the detection of a forced libration and of a non-zero obliquity for Mercury, which confirmed that this planet has a molten core and is in a Cassini state (Margot et al. 2007) .
In this paper, we apply the Cassini state model for a synchronous satellite with a liquid ocean, developed and applied to Titan in Baland et al. (2011) , to the Galilean satellites. The paper is organized as follows. In the second section, we briefly introduce the Cassini state model for an entirely solid satellite, based on the model of Bills (2005) , and we compare his results with ours. In the third section, we extend the model taking into account the presence of an internal liquid layer and the resulting gravitational and pressure torques between the different layers of a satellite. In the same section, we present the results for the liquid layer case for the four satellites and we assess the possibility to detect a fluid layer and to constrain the satellite's interior structure from obliquity observations. The last section contains a discussion of our results and the conclusions.
2 The Cassini state for an entirely solid satellite
Theory
Let us first consider that the Galilean satellites are entirely solid. If principal axis rotation is assumed, that is to say that a possible wobble is neglected, the angular momentum equation governing the obliquity of a synchronous satellite is (see Bills (2005) and the demonstration given in appendix A) nC dŝ dt = nκ(ŝ ∧n),
whereŝ = (s x , s y , s z ) andn = (n x , n y , n z ) are the unit vectors along the rotation axis and the normal to the orbit, expressed in cartesian coordinates (x, y) of the Laplace plane and z along the normal to it. The Laplace plane is the mean orbital plane of the satellite with respect to which the orbital precession is defined and is here considered as the equatorial plane of an inertial reference frame. The mean motion, equal to the mean rotation rate, is denoted by n and the mass and the radius of the satellite by M and R. C 20 and C 22 are the second-degree gravity field coefficients of the satellite, which can be expressed in terms of A < B < C, the principal moments of inertia. The left-hand member of Eq. (1) is the variation of the angular momentum while the right-hand member is the gravitational torque (averaged over the orbital period) exerted by the planet Jupiter that tends to align the rotation axis with the orbit normal. A perfect permanent alignment is impossible to achieve because of the continuous precession,
leading to a non-zero obliquity. Following Bills (2005) , this vectorial equation (1) is projected on the Laplace plane,
with S = s x + Is y and N = n x + In y , I = √ −1. This equation is correct up to the first order in small obliquity, eccentricity and orbital inclination.
Equation (2) allows the study of the classical Cassini state, where the precession rateΩ is constant, as well as the study of the generalization to a multi-frequency node precession (Bills 2005) . In the latter case, the orbital precession can be written as a series expansion N = j sin i j e I(Ω j t+γ j −π/2) ,
where i j are the inclination amplitudes associated with the orbital node precession frequencieṡ Ω j and the phases γ j . The actual orbital inclination i, which is the angle between the normal to the Laplace plane and the normal to the orbit, is not constant over time and is given, at the first order, by
The parameterΩ 1 is the main precession rate of the orbital plane, with respect to the Laplace plane, which is the only frequency considered in the classical Cassini state. In that case, the orbital inclination i stays constant in time and is equal to the inclination amplitude i 1 . The forced precession of the rotation axis induced by the precession of the orbital plane (3) is given by the forced solution of equation (2):
where, correct up to the first order in ε j and i j , the obliquity amplitudes ε j associated with the frequenciesΩ j are given by
in which
is the frequency of the free spin precession obtained by averaging the torque over a time scale larger than the precession time scale, or equivalently by setting N to zero. In the series expansion of Eq. (3), the inclination amplitudes i j are ordered such that their magnitude decreases with increasing subscript j. The obliquity amplitudes ε j do not necessarily follow this trend, because i j is multiplied byΩ j in the numerator of the solution (6) and because the denominator (ω f +Ω j ) may be small and lead to large value of ε j . If ε j is significantly amplified due to ω f being close to (−Ω j ), one can speak of a resonance between the free mode and the forcing frequency. In the classical Cassini state, the obliquity is given by ε = ε 1 and is constant, but in the generalized Cassini state, the obliquity is time-variable and is given by (see also Bills and Nimmo 2011a)
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In the classical Cassini state, the rotation axis, the normal to the orbit and the normal to the Laplace plane remain in the same plane. In the generalized Cassini state, the rotation axis presents a time-variable deviation with respect to the plane defined by the two other axes. An expression of this deviation can easily be obtained from Eqs. (3) and (5) (see Eq. (9) of Baland et al. 2011 ). The deviation is close to zero when none of the obliquity amplitudes are amplified by a resonance, or equivalently when the rotation state is close to the classical Cassini state, while the obliquity is non-zero and close to ε 1 . Deviation and obliquity variations depend both on obliquity amplitudes ε j . The trajectories of N and S on the Laplace place are seen as the composition of circular motions (see Eqs. (3) and (5), see also Fig. 3 of Baland et al. 2011 ). It then follows from the geometry of the problem that the time periodic variations of the deviation around zero have amplitudes of the same order of magnitude as the amplitude of the time periodic variation of the obliquity around ε 1 , but that they are out of phase, since the deviation is maximum when the obliquity is close to its mean value. Therefore, study both the variations of the obliquity and of the deviation is somewhat redundant. In the following, we will focus on the numerical results for the obliquity and their interpretation in terms of internal structure. Nevertheless, future observations of the rotation state of the Galilean satellites should be interpreted in term of internal structure by taking into account the obliquity and the deviation in the case of resonant amplification, as it was done for Titan in Baland et al. (2011) . The measured deviation could help to check the consistency of the model and, if more than one resonant amplification is able to explain a large measured obliquity, to chose among them.
Numerical results
We calculate the obliquity of the Cassini state for the Galilean satellites assuming that they are entirely solid. The numerical values of the radius R and of the mean densityρ, which give the mass M , and of the gravity field coefficients C 20 and C 22 , according to Schubert et al. (2004) , are given in Table 1 for the four Galilean satellites. The normalized mean moment of inertia I can be obtained using the extension of Radau's equation to synchronous triaxial bodies (see Van Hoolst et al. 2008) . Table 1 also gives the mean motion n according to Lainey et al. (2006) and an estimation of the free precession period T f = 2π/ω f using Eq. (7) and the approximation C I. For Io, Europa and Callisto, T f is in a satisfying agreement with previous studies based on the Hamiltonian mechanics (Henrard 2005b gives 0.436 years for Io, Henrard 2005a gives 3.603 years for Europa and Noyelles 2009 gives 203.600 years for Callisto). The parameters of the orbital precession series expansion (orbital inclination amplitudes i j , precession frequencieṡ Ω j and their corresponding period T j , and phase angles γ j ) have been taken from Lainey et al. (2006) and are given respectively in Tables 2, 3, 4 and 5 for Io, Europa, Ganymede and Callisto. The last column of Tables 2-5 gives the obliquity amplitudes ε j computed with Eq. (6). Significant resonant amplifications occur in the solid case for the subscript j = 5 for Io, j = 3 for Ganymede, and j = 2 for Callisto, but there is no significant resonance for a solid Europa. As a result, the solid case obliquity of Europa remains close (at the 6 percent level) to the constant value of the classical Cassini state (ε 1 = 0.055 • ). This is one order of magnitude lower than the estimate of 0. The time evolution of the orbital inclination i and of the obliquity ε, computed with Eqs. (4) and (8) , is illustrated in Fig. 1 for the four Galilean satellites. We have chosen J2000 as the time origin. The width of the time spans are the same as in Bills (2005) to facilitate the comparison with his figure 3 which represents also the time evolution of i and ε of the four satellites computed from the same equations but with different ephemerides. A visual comparison indicates clearly that we are far from agreement, both for the orbital inclination and the obliquity.
An obvious cause for this difference is the error which has lead to the absence of the coefficient C 22 in the angular momentum equation of Bills (2005) (see his equation 46 which is the equivalent of equation 6 of the present paper). This changes the numerical values of the frequency ω f and so of the obliquity amplitudes ε j by affecting possible resonant amplifications. This effect alone, however, is not sufficient to explain the differences between our curves for the obliquity and those of Bills. Moreover, it does not affect the inclinations.
Part of the difference may also be due to a possible different use of ephemerides. Bills (2005) used the ephemerides of Lieske (1998) to calculate the parameters of the orbital precession series expansion of Eq. (3). As those ephemerides are expressed with respect to the equatorial plane of Jupiter, this plane was most likely considered as the inertial plane of reference, instead of the Laplace plane. Here, we use the synthetic representation of ephemerides of Lainey et al. (2006) , also expressed with respect to the equatorial plane of Jupiter, but which could easily be corrected for the difference with respect to the Laplace plane. In the expansions for the orbital precessions given in Lainey et al. (2006), we simply neglect a term with precession frequency equal to zero, which gives the orientation of the Laplace plane with respect to the equatorial plane of Jupiter. Introducing that term in expansion (3), we find orbital inclinations that are in a better agreement with the ones of Bills (2005) . However, the obliquity is not affected by the choice of the reference plane.
The remaining differences might be caused by possible differences in the phases γ j used in solution (5) and, more generally, by the differences between the different ephemerides used that can affect the possible resonant amplifications, particularly in the case of Io for which the orbital inclination behavior presented in Bills (2005) seems to be the combination of a few terms in the expansion (3).
3 The Cassini state model for a satellite with a global liquid layer
Theory
We develop a generalized Cassini state model for a generic satellite made up of three uniform and homogeneous layers: a rigid ice shell (sh), a liquid water ocean (o) and a rigid interior (in) as illustrated in Fig. 2 . This definition is adequate for Europa, Ganymede and Callisto. For Io, the shell will be replaced by a rigid rock mantle (m), the water ocean by a fluid core (f ), and no solid interior will be considered. For the generic satellite, the orientation of each layer will in principle be described by one angular momentum equation. An external gravitational torque exerted by the central planet applies on each layer, as well as torques resulting from gravitational and pressure interactions between the layers. Under the assumption that the liquid is in hydrostatic equilibrium, the total torque on the liquid layer vanishes (Baland et al. 2011 ). Therefore we only consider the orientation of the unit vectors along the rotation axes of the shell (ŝ sh ) and the interior (ŝ in ), which can have different obliquities (ε sh and ε in ) with respect to the normal to the orbitn (see Fig. 2 ). The system then reduces to two angular momentum equations, which can be written correct up to the first order in obliquity and inclination as
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where S sh and S in are the projections on the Laplace plane ofŝ sh andŝ in , respectively. C sh and C in are the polar moment of inertia of the two solid layers. K represents the strengths of the internal gravitational torque between the two solid layers, corrected for the internal pressure torque. κ sh and κ in are the strength of the external torques exerted by the planet on the shell and on the interior, also corrected for the pressure effect. We have (Baland et al. 2011 )
where A sh and A in are the smallest principal moments of inertia of the two layers. α and β are the polar and equatorial flattenings of the differents layers, defined as the relative differences
and (a − b)/a, respectively, with a > b > c the radii in the direction of the principal axes of the layer considered. The subscripts (o, t) and (o, b) refer to the mass of the ocean aligned with the shell and the interior, respectively, or equivalently, to a top ocean and a bottom ocean above and beneath an arbitrarily chosen sphere inside the ocean (see Fig. 2 ).
The terms in the torques strengths that depend on the density of the ocean reflect the pressure effect of the ocean. The moments of inertia A l and C l , and the difference (C l − A l ) of any layer (l), are given by
with the subscript (l − 1) referring to the layer located beneath layer l (e.g. Van Hoolst et al.
2008).
For the orbital precession (3), the system of Eqs. (9-10) has a forced solution for the obliquity amplitudes of both the shell and the interior:
with the two free mode frequencies given by
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The frequency ω + corresponds to a mode where the shell and the interior precess in phase with each other, while they are out of phase for ω − . As in the solid case, a significant amplification of the obliquity amplitudes ε j,sh and ε j,in might occur if ω + or ω − is close enough to (−Ω j ). Nevertheless, very large obliquity amplitudes of the order of several tens of degrees do not make sense, since the analytical solution (17) (18) was derived from Eqs. (9-10) which are only valid for small angles. This, however, is not problematic since the obliquity of the Galilean satellites is known to be less than about 10 deg (as can be estimated from the observed gravitational coefficients C 21 and S 21 ), in which case the small angles assumption leads at most to an error of a few percent for obliquity amplitudes of a few degrees. Any internal structure model that would reach very high obliquity values can be excluded and we can consider that our solution is valid for application to the Galilean satellites..
Io
We consider that Io consists of two homogeneous layers: a solid silicate mantle over a liquid iron-sulfur core. The core density is chosen in the range [5150, 8000] kg/m 3 , depending on the content in light elements (see Anderson et al. 2001b , Spohn et al. 1997 and Schubert et al. 2004 ). The interior structure is characterized by four parameters which are the radius and density of the core and of the mantle (R f and R m , ρ f and ρ m ), and is constrained by the mean radius R, the mass M , and the mean moment inertia I given in Tab. 1. Obviously, the radius of the mantle is equal to the radius of the satellite, so that R m = R. With the two remaining constraints (M and I), the solution for the three remaining parameters (ρ f , ρ m and R f ) is not unique. However, given the possible range of core densities ρ f , we can find limit values for the density and the thickness of the mantle. Since the mantle thickness is given by h m = R − R f , a core density ρ f of 5150 kg/m 3 corresponds to a mantle thickness h m of 877.6 km and a mantle density ρ m of 3265.1 kg/m 3 . If ρ f is 8000 kg/m 3 , then h m = 1164.1 km and ρ m = 3306.8 kg/m 3 .
We want to assess the effect of the mantle thickness on the obliquity. So, we consider values for h m which are equally spaced by 0.5 km, between the two limit values given before (877.6 and 1164.1 km) and we compute ρ m and ρ f from the mass and moment of inertia constraints. Next, we solve Clairaut's equation to get polar and equatorial flattenings of the core for the different interior models (see e.g. Van Hoolst et al. 2008) and we compute the moment of inertia difference (C − A) of the different layers with Eq. (16) . The solution for the obliquity amplitudes of the mantle can then be determined from Eq. (19) by taking the limit of no solid interior. We then have
The strength of the external torque exerted on the mantle, κ m , is equal to the strength κ of the external torque on the whole satellite (see Eq. 1 and 24) because of the lack of an internal solid layer and because of the pressure correction on the external torque. As a result, the rotation axis of Io's mantle precesses as a rigid body with a polar moment of inertia equal to C m but with a moment of inertia difference (C − A) equal to the one of the entire body. Solution (22) can also be written as
with ε j the solution for the solid case (6) and
because of Eq. (15) with α m and α f 1. Equation (26) shows that C m increases with increasing mantle thickness h m . C m ranges from 94 to 98.5% of the value of C. As a consequence, the period T + corresponding to the free mode frequency ω + , in the range of 0.388 − 0.406 years, is slightly smaller than the period T f = 0.41 years of the free precession of the solid case and increases with increasing h m (Fig. 3) . The possible range of obliquity amplitudes of the mantle ε j,m are, for each subscript j, very close to the obliquity amplitudes of the solid case ε j (Fig. 4) and slightly increase with increasing h m (see Fig. 5 for ε 1,m and ε 5,m ). In particular, for j = 1, 2, 3, 4 or 6,Ω j can be neglected compared to Cω f /C m and the corresponding obliquity amplitudes are from 1.5% to 6% smaller in magnitude than in the solid case. The case j = 5 is somewhat different because T + is rather close to −T 5 (= 0.68 years), the opposite of the period of the fifth orbital precession frequencẏ Ω 5 defined in Eq. (3) and given in Tab. 2. Therefore, as in the entirely solid case, only ε 5,m competes with ε 1,m ,Ω 5 cannot be neglected in front of Cω f /C m and ε 5,m is from 3% to 13% smaller than for the solid case (see also Tab. 6).
Since the obliquity amplitudes of the fluid core case are close to those of the entirely solid case, the actual time-dependent obliquity of both cases are similar, as can be seen in Fig. 6 where we show the obliquity of the solid case and of the internal structure models corresponding to minimal and maximal values of ε 1,m . Time variations are mainly due to the amplified ε 5,m and ε 5 . A very accurate measurement of the obliquity would be needed to detect a fluid core, especially if the mantle is thick. The error on the measurement would then have to be of the order of 5 10 −6 degrees (corresponding to an error of the order of 0.16 m on the location of the rotation axis at the surface). Constraining the mantle thickness to a ten-kilometer level will be even more challenging and would require a precision improved by a factor ten. We do not think that such an accuracy could be achieved in the near future, since, for instance, the accuracy on future Europa's obliquity measurement from the Earth is expected to be of the order of 0.1 • (Margot 2011) and since no space mission dedicated to Io is planned.
Europa
Anderson et al. (1998) concluded from Galileo gravity measurements that Europa is differentiated into a metallic core, a rocky mantle and a liquid/ice water layer. the detection of an induced magnetic field indicates that a liquid layer would exist between the ice surface and the rocky interior. Therefore, we consider that Europa is made of four homogeneous layers, from the center to the surface: an iron-sulfur core (c), a rock mantle (r), a liquid water ocean (o), and a water ice shell (sh). The mantle and the core together form a solid layer to which we refer as the interior (in). Since the mean radius R, given in Tab. 1, is also the radius of the ice shell R sh , we have only two data (the mass M and the mean moment of inertia I) to constrain seven parameters which are the radii R c , R r and R o and the densities ρ c , ρ r , ρ o and ρ sh , and the solution for the internal structure is not unique. As in Baland and Van Hoolst (2010), we consider a representative range of possible equally spaced values for five parameters: h sh can be equal to 5, 7.5, ..., 15 km or 20, 30, ..., 100 km; R r can be 1400, 1425, ..., 1475 km; R c is 100, 200, ..., 800 km; while ρ sh and ρ o can be equal to 800, 900, ..., 1200 kg/m 3 . We then compute ρ r and ρ c from M and I for any chosen set of values. We only retain solutions for which 3000 ≤ ρ r ≤ 3800 kg/m 3 , 5150 ≤ ρ c ≤ 8000 kg/m 3 , R o > R r , and ρ sh ≤ ρ o . This procedure provides 1434 solutions for the internal structure.
In order to easily identify the possible resonant amplification that might occur with some negative periods T j of the orbital precession, we have plotted T + as a function of T − to (see fig.  4 ). The negative period T 4 = −7.43 years is the closest to the range of values of T + (from 3.1 to 3.7 years) while T 5 = −0.68 years is the closest to the range of T − (from 0.01 to 0.34 years). Nevertheless, the resonant amplifications for j = 4 or j = 5 are not important enough to allow the corresponding obliquity amplitudes of the shell and of the interior to compete with those corresponding to the main frequency precession ε 1,sh and ε 1,in (Fig. 4) . As a result, the solution (17-18) is dominated by the first term of its series expansion, as for an entirely solid Europa, and the orientation of the rotation axis of the different layers is close to the coplanarity with the normal to the orbit and the normal to the Laplace plane.
For any given frequencyΩ j , the obliquity amplitudes of the interior ε j,in differ from the obliquity amplitudes of the shell ε j,in (Fig. 4) , but are close to the obliquity amplitudes of the solid case, ε j . These facts are due to the different torques exerted by Jupiter on the shell and on the interior and to the internal coupling being too weak to restore a perfect alignment and can be understood quite intuitively. First, consider the interior perfectly decoupled from the shell. It would have obliquity amplitudes given by (see Eqs. 6 and 7)
and would react to the external torque similarly as the entire satellite in the solid case since it contains most of the satellite's mass (e.g., for a typical internal structure model, we have
, and ω in 0.98ω f , ω f being the free mode frequency of the solid case, see Eq. 7). The shell would have obliquity amplitudes
and would differ more from the solid ε j than ε dec j,in since the difference of ω sh with ω f is larger than the difference of ω in with ω f (ω sh 1.07ω f for the same particular model). If we now add the internal coupling, the interior is less likely to be disturbed from the decoupled case and ε j,in tends to stay closer to ε j than ε j,sh , because the inertia of the interior C in is about 6.5 times larger than the one of the shell C sh . A more rigorous inspection of solutions (19) (20) shows that the only difference between ε j,sh and ε j,in is the presence of the term (−C sh κ in ) in the former and (−C in κ sh ) in the latter expression. For any internal structure model and subscript j considered, the numerical values of these terms are of the same sign (negative) as the numerical value of the sum of the other terms of the numerator. Since the moment of inertia C in is one order of magnitude larger than C sh , while κ sh and κ in are of the same order of magnitude, we have |ε j,in | > |ε j,sh |. The difference between ε j,sh and ε j,in is relatively small (less than one order of magnitude) since (−C in κ sh ) is of the same order of magnitude or slightly smaller than the other terms in the numerator and since (−C sh κ in ) is one to two orders of magnitude smaller than the other terms in the numerator.
Time evolution of the shell obliquity ε sh , compared to the solid case obliquity ε, is given in Fig. 6 for the internal structure models with the smallest (0.033 • ) and the highest (0.044 • ) value of ε 1,sh . Time variations are of the order of 6 percent in both the ocean case and the solid case, because of the similarly small influence of the terms j > 1 for both cases. The ocean could
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be detected if the measured obliquity is different from the obliquity of the solid case. Since the phases γ j are the same for both the solid and the ocean cases, the time-variations are in phase for the three curves, and we conclude that the measurement error σ should be smaller than |ε 1 −ε 1,sh |/3, for the difference to be at 3σ, which is in the range [0.0037 • , 0.0073 • ], corresponding to a surface displacement of about 100m-200m. Such an accuracy will be difficult to achieve with forthcoming ground-based radar measurements proposed in Margot (2011) Fig. 5 ). This is due to the non-unicity of the solution for the internal structure when h sh is fixed and to the fact that the obliquity amplitudes depend significantly on the other internal parameters.
Ganymede
Like Europa, Ganymede probably has a liquid water ocean (o) beneath a water ice shell (sh) (Kivelson et al. 2002) . Besides, this satellite has a more complex internal structure since it is the most differentiated Galilean satellite (Anderson et al. 1996) . Unlike Europa, an ice mantle (i) isolates the liquid water ocean (o) from the rock mantle (r). In addition, Ganymede is thought to have a fluid core (f ) over its solid metallic core (c), since an intrinsic magnetic field has been detected (see Kivelson et al. 1998) . A range of solutions for the internal structure is defined by considering equally-spaced values for the shell thickness h sh , the radii R i , R r , R f , and R c , and the densities ρ sh , ρ o , ρ i , and ρ c , which can be found in Baland and Van Hoolst (2010). We then compute ρ r and ρ f from the mass M and the mean moment of inertia I. The retained solutions satisfy the conditions 3000 ≤ ρ r ≤ 3800 kg/m 3 , 5150 ≤ ρ f ≤ 8000 kg/m 3 , R o > R i > R r > R f > R c and ρ sh ≤ ρ o ≤ ρ i . We consider that the interior (in) is made of the ice and rock mantles and of the fluid and solid cores, because the state of core should not have a noticeable influence on the rotation state of the satellite, in the same way that it does not play a significant role in the librations, because of the small size and of the small flattening of the core (Baland and Van Hoolst 2010).
As expected, the free period of the solid case (T f = 19.97 years) is in the range of values of the 'coupled' free period T + (17-42 years, see Fig. 3 ) computed from Eq. (21). As for Europa, the obliquity amplitudes for j = 1, 2, 4, 6 or 7 correspond to periods T j far from the opposite of the free periods T + and T − and an order of magnitude analysis of the terms of the numerators in Eqs. (19) (20) leads also to the conclusion that ε j,sh and ε j,in differ from each other by less than one order of magnitude and that |ε j,in | > |ε j,sh | (see Fig. 4 ). The obliquity amplitudes for j = 3, 5 or 8 do not follow these conclusions. An order of magnitude analysis for j = 3 shows that ε 3,sh and ε 3,in also differ slightly from each other, but since −T 3 = 30.22 years is in the range of T + , the denominator can be so small that both ε 3,sh and ε 3,in can be much larger than in the solid case, and of the same order of magnitude or larger than ε 1,sh and ε 1,in , for some specific internal structure models. The period −T 5 = 11.86 years is far enough from T + and T − to avoid such a significant resonant amplification. For j = 5, the term (−C sh κ in ) can be as large as the other part of the numerator and of a different sign, leading to very small values of ε 5,sh . The term (−C in κ sh ) is always at least as large as the other terms of the numerator and of the same sign, and ε 5,in is quite close to ε 5 . The range of values for T − goes from 0.04 to 9.5 years and contains −T 8 = 0.68 years. For j = 8, the term (−C sh κ in ) is two orders of magnitude smaller than the other terms of the numerator, while (−C in κ sh ) can be of the same order of magnitude and of a different sign than the other part of the numerator. As a result, ε 8,sh cannot be significantly smaller than in the solid case, while ε 8,in might be very small. For a 3.5 Callisto small fraction of the internal structure models considered, a resonant amplification allows ε 8,sh to compete with ε 1,sh while ε 8,in is also amplified but not enough to reach the level of ε 1,in (Fig.  4) .
We conclude that only the shell obliquity amplitudes ε 1,sh , ε 3,sh and ε 8,sh can play a significant part in the actual value of the time dependent shell obliquity ε sh . Their range of possible values are given in Table 6 . The first obliquity amplitude presents a similar behavior with respect to the ice shell thickness as in the case of Europa, that is to say that it increases with increasing h sh but also significantly depends on the other internal structure parameters (Fig. 5) . The amplitudes ε 3,sh and ε 8,sh behave differently because of the significant resonant amplification that occurs for some specific internal structure models. A large value of ε 3,sh or ε 8,sh is associated with a thin ice shell (Fig. 5) , but not all models with a thin shell yield large values ε 3,sh or ε 8,sh . Because of these resonances, the shell obliquity behavior over time depends strongly on the chosen internal structure model. In Fig. 6 , the solid case is compared to the ocean case for three specific internal structure models. The first two models correspond respectively to the minimal and maximal values of ε 1,sh . The third model presents a moderate resonant amplification of ε 8,sh . All models present a significant resonant amplification of ε 3,sh , the amplification being largest for the model corresponding to the maximal value of ε 1,sh .
The ocean could be detected quite easily if the actual internal structure corresponds to a shell obliquity behavior very different from the solid case at the time of measurement. If ε 8,sh is not strongly amplified, the best measuring times are those at which the different terms of the solution combine to provide the maximal obliquity, that is to say around 2030, 2070, 2110 and so on. As an example, if the measurement takes place around the year 2030, and if the actual internal structure is close to the one corresponding to the minimal value of ε 1,sh , an accuracy of 0.015 • corresponding to a surface displacement of about 700 m would be sufficient. The future space mission JUICE (JUpiter ICy moons Explorer, under study by ESA for the first L-class mission) provides a sufficient accuracy. However, constraining the internal structure will be difficult, since many very different internal structure models could fit to a same observation, through different combinations of the three main obliquity amplitudes. For example, Fig. 6 shows that the solid case model, the model with the minimal value of ε 1,sh which has a shell thickness h sh = 25 km, and the model presenting a moderate resonant amplification of ε 8,sh and such as h sh = 37.5 km, have similar shell obliquity values around the years 2013-2014. This also means that observing a shell obliquity consistent with the solid case does not necesseraly means that there is no ocean. Obliquity measurements spread over several decades could help determine the individual obliquity amplitudes and if Ganymede has a rather thin ice shell or not.
Callisto
Callisto is similar to Ganymede in size and mean density, but its mean moment of inertia is significantly larger. Therefore, Callisto is less differentiated than Ganymede. Following Anderson et al. (2001a) and Khurana et al. (1998) , we consider that Callisto is made of a water ice shell (sh), a liquid water ocean (o) and an interior (in) made of a homogeneous mixture of ice, rock and iron. The internal structure models considered in the following are defined by choosing equally-spaced values for the thickness of the ice shell h sh and for the densities of the shell ρ sh and of the ocean ρ o and by computing the radius R in and the density ρ in of the interior such that the model satisfies the mass M and the mean moment of inertia I (Baland and Van Hoolst, 2010). The retained solutions are such that ρ o ≥ ρ s and that the radius of the ocean
For this range of internal structure models, the free period T + is between 181.7 and 233.7 years (Fig. 3) . This range contains the free mode period of the solid case (T f = 203.1 years) and is close enough to the period −T 2 = 137.7 years to allow ε 2,sh to be non-negligible compared to ε 1,sh , in the same way as ε 2 was not negligible compared to ε 1 in the entirely solid satellite case. The range of possible values for T − is [3.97, 58 .42] years and contains −T 4 = 11.86 years and −T 5 = 30.22 years, which means that some specific internal structure models present a resonant amplification such that the obliquity amplitudes ε 4,sh or ε 5,sh are amplified to the level of ε 1,sh (Fig. 4) . For j = 4 or 5, the obliquity amplitudes ε j,sh and ε j,in differ from each other by less than one order of magnitude and |ε j,in | > |ε j,sh | (Fig. 4) , similarly as for the obliquity amplitudes of Europa and for the obliquity amplitudes of Ganymede with j = 3, 5 or 8. For j = 4 or j = 5, the obliquity amplitudes can be much smaller as well as much larger than the entirely solid case values, as a result of the negative frequenciesΩ j being quite large. For some internal structure models, the common part of the numerator of solutions (19) (20) can be positive and of the same order of magnitude as the terms (−C sh κ in ) and (−C in κ sh ) which are negative. As a result, ε 4/5,sh/in can be very small. For other internal structure models, the order of magnitude analysis shows that ε 4/5,sh/in behave as for j = 4 or 5, unless they are amplified by a resonance due to the closeness of −T 4/5 with respect to T − .
The first obliquity amplitude behaves with respect to the ice shell thickness as the first obliquity amplitude of Europa and Ganymede (Fig. 5) . It increases slightly with increasing h sh but depends also on the other characteristics of the internal structure. The amplitudes ε 2,sh , ε 4,sh and ε 5,sh have a different behavior, because of the significant resonant amplification that occurs for some internal structure models. All models present a moderate amplification of ε 2,sh while a large amplification of ε 4,sh or ε 5,sh occurs only for shell thicknesses of about 100 and 200 km, respectively. The range of possible values for the dominating obliquity ampltitudes are given in Table 6 .
The time variable shell obliquity for the interior structure model corresponding to the minimum and maximum values of ε 1,sh (0.053 • and 0.133 • ) is presented in Fig. 6 . Both internal structure models are characterized by a significant resonant amplification of the second term of the solution and have obliquity amplitudes ε 2,sh close to 0.05 • . As a result, the 'minimal model' can reach a zero shell obliquity. Fig. 6 also shows the evolution of the shell obliquity for specific interior structure models which present a resonant amplification of the fourth or the fifth term of the solution, illustrating that a lot of internal structure models can have the same shell obliquity at a given time. Regarding the possibility of constraining the internal structure from a shell obliquity measurement at a given time, the problem is similar as for Ganymede. Two or even three dominant terms of the solution combine to give the main part of the solution, and each of the dominant obliquity amplitudes does not depend uniquely on any parameter of the internal structure. A single measurement would only allow detecting the internal ocean, provided that the measured obliquity is sufficiently different from the solid case obliquity. If ε 4,sh and ε 5,sh are not strongly amplified, the largest difference in the time interval (2010-2040) is about 0.13 • . Again assuming a 3σ error as large as this difference, the measurement precision of the rotation axis on Callisto's surface should be about 2 km, which is possible wih a mission like JUICE. As for Ganymede, a measured obliquity compatible with the solid case does not mean that there is no internal ocean, since several internal structure models with an ocean can have, at a given time, a similar obliquity as in the rigid case. A long-term monitoring of the shell obliquity of Callisto would be more helpful to discrimate among the possible internal structure models.
Discussion and conclusion
We have computed the obliquity of the four Galilean satellites for a wide and representative range of internal structure models with homogeneous layers, consistent with the constraints on radius, mass and mean moment of inertia provided by the Galileo spacecraft mission. We have assumed that the satellites are locked in a Cassini state. Therefore, we used a model for the obliquity based on the Cassini state and extended to the presence of an internal liquid layer, including the internal gravitational and pressure torques induced by the presence of this layer. The model used in this study is also generalised to a multi-frequency orbital precession of the satellites. With this model, we have shown that the surface layer obliquity of Io does not present a large variety for the different internal structure models considered. The obliquity of Europa is almost constant and its mean value is larger for a thicker ice shell, although it depends also on other characteristic of its interior. The internal structure models of Ganymede and Callisto present more various behaviors in the shell obliquity, because of the possibility of combined resonant amplifications for some periodic terms of the solution.
We have compared the time-behavior of the surface layer obliquity with the behavior in the case of an entirely solid satellite, to assess the possibility to detect the considered liquid layer from a single or multiple obliquity measurement. For Io and Europa, an accuracy of about 0.16 m and 150 m would be needed, respectively, on the location of the rotation axis at the surface. The ocean of Ganymede and Callisto may be more easily detected if the actual internal structure model would lead to a very different value of the obliquity than in the solide case. In the best case, a precision of about 700 m and 2 km for Ganymede and Callisto would be sufficient. However, for Ganymede and Callisto, a measured obliquity compatible with the entirely solid case would not exclude the existence of an internal ocean, since some internal structure models with an ocean cannot be distinguished from the solid case at some given times. In any case, for Ganymede and Callisto, the combination of many obliquity measurements spread over several decades would be needed to learn more about their internal structure. This is a reason why the planned ground observations of the rotation state of Ganymede is of interest, though being probably less accurate than any potential measurements from a spacecraft that would reach Ganymede around the year 2030. To interpret forthcoming measurements, one has to ensure that the error on the knowledge of the orbital plane orientation of the considered satellite is properly taken into account, since the rotation axis orientation would be measured with respect to a standard reference frame which is the ICRF, and not directly with respect to the orbital plane.
We note that the theoretical values for the obliquity of Europa with (of the order of 0.04 deg) or without ocean (0.055 deg) are not consistent with the estimates of about 1 deg by Rhoden et al. (2010 Rhoden et al. ( , 2011 , inferred from the observations of cycloidal lineaments and strike-slip fault patterns. The pressure effect on the density profile cannot be of a great importance because of the relative smallness of Europa and cannot explain the mismatch. Also the assumption of a different density profile not associated with the normalized mean moment of inertia of 0.356 related to the assumption of hydrostatic equilibrium leads only to a difference of about 10% on Europa's obliquity with respect to our results. This indicates that it is impossible with our obliquity model and for any reasonable internal structure model for Europa to reach the high obliquity value of Rhoden et al. (2010 Rhoden et al. ( , 2011 , unless a free mode would be excited to such a value because of a recent excitation. The obliquity of Rhoden's studies may reflect the past rotation state of Europa associated with the past orbital state and its past internal structure. In our study, we use the ephemerides of Lainey et al. (2006) which are valid for a short time span in the past (of the order of 10 3 years) compared to the age of Europa's surface (10 8 years) and we are of course considering the present internal structure.
We have considered internal structure models for the satellites that have homogeneous and uniform layers with flatennings computed by solving Clairaut's equation, in order to keep a relative simplicity in our assessment of the effect of interior parameters such as the ice shell thickness on the solution for the rotation axis orientation. However, any forthcoming measurement would need to be interpreted in terms of more realistic models for the internal structure, in particular if the measurement indicates that a resonant amplification is at work. Indeed, in a resonant case, the solution is very sensitive to any change in the internal structure. For instance, the pressure effect on the density of the materials could be considered for Ganymede and Callisto which are large satellites. Another possibility would be that the icy satellites slightly depart from the hydrostatic equilibrium because, for instance, of differential tidal heating which could flatten the poles (lateral shell thickness variations), as it is assumed to be the case for Titan (Nimmo and Bills 2010) . We note that the general solution for the Cassini state that we have derived in this paper is valid also for non-hydrostatic internal structure models and or non hydrostatic flattenings, allowing us to realize some tests. For instance, multiplying and dividing the polar flatennings of the surface and of the ocean-ice interface, respectively, by a factor two with respect to the hydrostatic case decreases the first obliquity amplitude of Europa by only about 15%. Given the unknown internal structure of the Galilean satellites, it seems reasonable for now to consider hydrostatic flattenings as a good first order approximation. Forthcoming measurements would help to test and improve our model.
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A Angular momentum equation
We here provide a concise demonstration of Eq. (1). The angular momentum equation is written in an inertial frame, which is here taken to be a reference frame attached to the Laplace plane and centered at the center of mass of the satellite, as 
with A < B < C the principal moments of inertia of the satellite, n its mean motion, a its semi-major axis, d the distance between the satellite and the planet, and (X, Y, Z) the position of the planet in the Body Frame in cartesian coordinates. If we note (ψ, θ, φ) the Euler angles orienting the Body Frame with respect to the inertial frame (see Fig. 7 ), the position of the planet is
with Ω, i, ω, and f the node longitude, inclination, pericenter longitude, and true anomaly of the satellite's orbit with respect to the Laplace plane (the pericenter of the planet seen as in orbit around the satellite is then ω − π), and the rotation matrices defined as
Correct up to the first order in orbital eccentricity e,
with M the mean anomaly. Because of the synchronicity of the rotation with the orbital revolution, the Euler angle φ −ψ + Ω + ω − π + M (e.g. Peale 1969), correct up to the first order in the small angles i and θ, and neglecting librations (the variations of the rotation rate). Therefore, at the first order in i, θ and e, we have that
The torque is then expressed in the inertial frame thanks to the appropriate rotations
Finaly, the torque is averaged over an orbit period with the slowly varying ω, Ω, and ψ held constant, and since (s x , s y ) (θ cos (ψ − π/2), θ sin (ψ − π/2))
and (n x , n y ) (i cos (Ω − π/2), i sin (Ω − π/2)),
the torque becomes
and depends on only one moment of inertia difference, namely (C − A). The physical reason for only having (C − A) in the torque expression is related to the fact that the B-axis is on average perpendicular to the satellite-planet axis.
Neglecting wobble, the angular momentum in the Body Frame of the satellite is given by
and can be expressed, at first order in θ and with (φ +ψ n), in the inertial frame as
With the inclusion of Eqs (41) and (43), angular momentum equation (31) becomes
which is equivalent to Eq. (1). The interested reader is invited to consult Appendix B of Noyelles (2010) who also find that the torque is proportional to (C − A). We note that equation (44) is consistent with the small angle approximation which can be obtained from Eq. (1) of Ward (1975) . Although Ward (1975) is citing Peale (1969) , the corresponding equation of Peale (1969) is not consistent with the one of Ward (1975) and our Eq. (44) because of a factor 2 error in Peale (1969) which has been recognized in Peale (1988) . Table 6 : Range of the dominating obliquity amplitudes for the mantle of Io and the ice shell of Europa, Ganymede, and Callisto, corresponding to the range of internal structure models considered (see also Fig. 5 ). For Ganymede, a resonant amplification can lead to values for ε 3,sh of the order of several tens of degrees, but realistic values cannot exceed a few degrees, since the obliquity of the Galilean satellites is thought to be small. : Time evolution of the surface layer obliquity for the solid case (solid lines), for the internal structure models corresponding to the minimal and maximal values of ε 1,m/sh (dashed lines and dotted lines, respectively), and for specific internal structure models which present a significant resonant amplification of another obliquity amplitudes (dot-dashed lines) than the previous ones. The time spans are quite long (left) or short (right), in order to be able to distinguish the different aspects of the time behavior.
